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Summary  of  Accomplishments 


1.  In  the  option  year  program  we  have  investigated  some  of  the  critical  design  and 
fabrication  issues  for  achieving  traveling  wave  electroabsorption  waveguide 
modulator  with  electrical  bandwidths  well  beyond  50  GHz.  Device  fabrication  is 
carried  out  for  the  high  frequency  designs. 

2.  We  extended  the  bias-tracking  of  the  electroabsorption  waveguide  modulator  studied 
in  the  first  year.  In  this  alternative  scheme,  the  harmonics  of  the  AC  photocurrent 
generated  at  the  modulator  is  used  for  dynamic  self-bias  control  of  electroabsorption 
modulators.  Effective  tracking  is  obtained  as  the  polarization,  wavelength  (or  ambient 
temperature),  and  power  of  the  input  light  are  varied. 

3.  We  have  developed  a  concise  RF  equivalent  circuit  model  for  analyzing  the 
electroabsorption  modulators.  With  this  model,  circuit  parameters  extracted  from 
measured  Sn  values  for  an  MQW  EAM  are  used  to  estimate  the  modulator  E/O 
responses,  and  are  found  consistent  with  measured  responses.  The  model  clarifies  the 
effect  of  optical  power  to  the  EAM  impedance  and  modulation  bandwidth. 

4.  We  demonstrated  an  integrated  EA  waveguide/mixer  for  frequency  conversion  of  RF 
signals  that  utilize  the  electric-field-controlled  absorption  in  an  electroabsorption 
(EA)  waveguide.  Applying  this  approach  to  an  InAsP/GalnP  multiple-quantum-well 
EA  waveguide,  a  conversion  loss  of  18.4  dB  is  obtained  at  10-mW  optical  local 
oscillator  power,  and  a  sub-octave,  two-tone  spur-free  dynamic  range  of  120.0  dB- 
Hz4/5  is  measured  for  an  up-converted  signal  at  1.9  GHz. 

DETAILED  TECHNICAL  ACHIEVEMENT  ON  EFFORT 


The  optical  transmission  of  analog  RF  signals  is  potentially  useful  in  a  number  of 
applications  including  RF  distribution  systems.  Such  systems  can  be  used  in  commercial 
CATV  and  wireless  communications,  and  in  various  military  communication  and  radar 
systems.  With  compatible  components  used  at  transmitters  and  receivers,  analog  fiber 
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optics  links  suffer  much  less  performance  degradation  than  conventional  coaxial  cable 
links  as  the  system  bandwidth  increases. 

In  the  first  year  program  (1)  we  studied  large  Optical  Cavity  waveguide 
modulator  design,  and  demonstrated  a  low  optical  insertion  loss  waveguide  modulator  at 
1 .34  pm  wavelength  (as  low  as  8  dB  without  AR  coating).  This  design  is  based  upon  the 
matching  of  the  mode  profile  of  the  fiber  and  the  modulator  waveguides.  The  design  is 
extended  to  1.55  pm  wavelength.  (2)  We  also  demonstrated  a  novel  scheme  of  bias¬ 
tracking  of  the  electroabsorption  waveguide  modulator.  The  scheme  is  based  upon  the 
photocurrent  generated  at  the  modulator.  Effective  tracking  is  obtained  as  the 
polarization,  wavelength  (or  ambient  temperature),  and  power  of  the  input  light  are 
varied.  (3)  We  obtained  experimental  evidence  for  a  combined  Franz-Keldysh  effect  and 
Quantum  Confined  Stark  Effect  modulator  for  a  large  multi-octave  spurious  free  dynamic 
range.  (4)  We  have  achieved  low  loss  planar  photoelastic  waveguide  on  both  InP  and 
GaAs  substrates. 

The  following  describes  the  main  results  obtained  in  the  option  year  program. 

A.  Investigation  of  the  Traveling  wave  Electroabsorption  Waveguide  Modulator 

Semiconductor  electroabsorption  modulator  (EAM)  is  a  promising  alternative  to 
lithium  niobate  electro-optic  modulator  (EOM)  for  use  in  analog  high-speed  fiber  optic 
links  due  to  its  inherent  small  size,  high  modulation  efficiency,  and  potential  for 
monolithic  integration  with  other  electronic  and  optoelectronic  components.  An  attractive 
feature  of  the  EAM  is  its  relative  ease  to  achieve  a  large  bandwidth  with  a  short  lumped 
element  waveguide.  A  50  GHz  bandwidth  modulator  has  been  reported  with  a  63  pm 
long  waveguide  [1].  However,  to  achieve  a  larger  bandwidth  using  the  lumped  element 
approach,  one  has  to  further  shorten  the  modulator  waveguide  to  overcome  the  RC  time 
limit  of  the  device.  Unfortunately,  this  approach  reduces  the  modulation  efficiency  due 
to  the  shorter  interaction  length.  This  is  most  critical  in  analog  operation  where  RF  link 
loss  and  noise  figure  must  be  minimized.  To  overcome  the  RC  bandwidth  limit  and  to 
avoid  significantly  compromising  the  modulation  efficiency,  the  traveling  wave 
electroabsorption  modulator  (TW-EAM)  has  been  proposed  and  experimentally 
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investigated  by  several  groups  [2,3]  In  this  program,  some  of  the  critical  design  and 
fabrication  issues  for  achieving  TW-EAM  electrical  bandwidths  well  beyond  50  GHz  are 
investigated.  Device  fabrication  is  carried  out  for  some  of  the  designs. 

The  essential  requirements  for  achieving  a  traveling  wave  modulator  include:  (1) 
The  modulator  electrode  must  be  designed  as  a  transmission  line  to  distribute  the 
capacitance  over  the  entire  length  of  the  line,  (2)  the  microwave  and  modulated  light 
should  propagate  at  the  same  velocity  so  that  the  microwave  signal  is  always  enhancing 
the  modulation  depth  during  propagation,  (3)  only  forward-going  propagating  microwave 
and  optical  waves  exist  in  the  waveguide,  (4)  low  microwave  attenuation  and  optical 
propagation  loss  must  be  achieved  in  order  to  achieve  high  modulation  efficiency  at  high 
frequency.  Since  the  microwave  attenuation  of  the  electrode  increases  with  frequency, 
both  bandwidth  and  modulation  efficiency  at  high  frequency  are  compromised.  Optical 
propagation  loss  also  reduces  the  modulation  efficiency,  albeit  it  has  little  impact  on  the 
bandwidth.  These  detrimental  effects  can  be  minimized  by  device  designs  that  have  very 
low  microwave  attenuation  and  optical  propagation  loss. 

For  a  conventional  EAM  waveguide,  the  microwave  impedance  is  much  less  than 
the  standard  50  Cl  input  transmission  line,  the  microwave  phase  velocity  is  much  smaller 
than  the  optical  group  velocity,  and  microwave  and  optical  attenuation  always  exist. 
Furthermore,  all  microwave  properties  of  the  EAM  waveguide  are  frequency  dependent, 
and  the  waveguide  impedance  has  an  imaginary  or  lossy  component.  Consequently,  it  is 
very  difficult  to  achieve  perfect  impedance  matching  and  velocity  matching  for  the  TW- 
EAM  and  to  completely  eliminate  the  attenuation  loss.  This  compounds  the  difficulty  in 
producing  an  ultra  high-speed  TW-EAM  with  high  modulation  efficiency. 

In  this  program,  some  practical  and  simple  approaches  for  producing  a  TW-EAM 
with  an  electrical  bandwidth  beyond  50  GHz  are  examined.  Effects  of  impedance 
mismatch,  velocity  mismatch  and  microwave  attenuation  on  the  modulator  frequency 
response  are  investigated.  A  guideline  for  the  TW-EAM  design  is  established.  Due  to 
the  present  optical  propagation  loss  encountered  in  the  EAM,  the  resulting  modulator  is 
found  to  be  restricted  to  a  rather  short  waveguide  length.  A  quasi-static  equivalent  circuit 
model  is  employed  to  estimate  the  frequency  dependent  microwave  properties  of  a 
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standard  EAM  waveguide.  This  circuit  model  includes  the  effect  of  photocurrent 
generation. 


Modulator  Frequency  Response:  With  small  signal  modulation,  the  modulation 
efficiency  of  a  TW-EAM  can  be  derived  to  be  proportional  to  j^y  (x)dx 2  >  in  which 


Vac(x)  is  the  modulation  voltage  for  an  optical  wave  packet  in  TW-EAM  at  position  x,  L 
is  the  total  modulation  length.  Vac(x)  can  be  calculated  with  considering  the  possibility  of 
multiple  microwave  reflections  inside  the  modulator.  For  an  analog  fiber  optic  link  using 
the  TW-EAM,  the  RF  gain  in  the  general  case  can  be  normalized  with  respect  to  the  ideal 
case,  in  which  the  impedance  matching  and  velocity  matching  are  perfect  and  microwave 
loss  is  zero.  Consequently,  the  normalized  RF  link  gain,  including  effects  of  impedance 
mismatch,  velocity  mismatch  and  microwave  attenuation,  can  be  expressed  as: 


'NORM 


[exp{(jP0  -  y„)l}-i 


l-rLrsexp(-2y,L)  0Po-y,)L 


+  TLexp(-2y  L) 


exp{(jP„+y„^}-l 

(jP„+Y„)L 


0) 


where  T  is  the  microwave  amplitude  transmission  coefficient  at  the  modulator  source  port 
(x=0),  Ts  and  Tl  are  the  modulator  (internal)  reflection  coefficients  at  the  source  and  load 
ports,  respectively,  and  =a^+ip^  is  the  microwave  propagation  constant  (o^  is  the 
microwave  attenuation  factor  and  is  frequency  dependent.  p^=co/oH  is  the  wave  number 
associated  with  the  microwave  frequency  to  and  the  microwave  phase  velocity  oM). 
P0=co/u0,  where  o0  is  the  optical  group  velocity.  With  Zs,  Zm  and  Zl  defined  as  the 
characteristic  microwave  impedance  of  the  source  transmission  line,  the  modulator  and 
the  terminator,  respectively,  the  following  relations  are  obtained: 


Y  -  Zs  Zm 

s  zs+zm’ 


r  _  ZL  Zm 

L  ZL+Zm’ 


2Z„ 


Zs+Zm 

5  m 


=i-rc 


(2) 


Microwave  Properties  of  the  TW-EAM  Waveguide:  The  TW-EAM  impedance  Zm  and 
velocity  and  microwave  attenuation  can  be  estimated  with  a  quasi-static  circuit 
model  for  a  unit  length  of  TW-EAM  transmission  line,  which  is  shown  in  Figure  1(a).  In 
this  circuit  diagram,  Rc0n  is  the  conduction  resistance,  Lm  is  the  inductance,  Rs  is  the 
device  series  resistance,  Cm  is  the  junction  capacitance,  Rj  is  the  junction  leakage 
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resistance,  Io  is  the  photocurrent  governed  by  electroabsorption,  and  Cp  is  the  parasitic 
capacitance.  For  well  designed  EAMs,  CP  is  typically  very  small  in  value  and  Rj  is  much 
larger  than  the  impedance  governed  by  Cm  for  microwave  frequencies  beyond  1  GHz. 
Therefore,  both  Cp  and  Rj  can  be  replaced  by  an  electrical  open.  With  these  assumptions, 
the  circuit  model  can  be  approximated  by  that  shown  in  Figure  1(b),  where  Ro=  dlo/dVj 
is  the  equivalent  ac  resistance  due  to  the  dependence  of  the  current  I0  on  the  modulator 
junction  voltage  Vj.  This  optical  power  dependent  current  path  can  significantly  alter  the 
microwave  properties  of  the  TW-EAM  at  high  input  optical  power  where  RF  link  gain  is 
high. 


^con 


I 


Approximate 


(a)  O3) 

Figure  1.  Quasi-static  circuit  model  for  a  unit  length  of  TW-EAM  transmission  line. 

Using  the  circuit  parameters  in  Figure  1(b),  all  of  the  relevant  microwave 
properties  of  TW-EAM  waveguide  can  be  derived  by: 

Zm  =  ^(R^  +  joLm){Rs  +  R0/(1  +  j<oR0Cm)}  (3) 

yM  =  a4  +  jp,  =  VCReon  +  /{Rs  +  *o  /(I  +  >R0C  j}  (4) 

The  circuit  parameters  of  the  TW-EAM  waveguide  transmission  line  are  generally 
frequency  dependent.  However,  in  the  high  frequency  region  above  1  GHz  where  all  the 
skin,  edge  and  proximity  effects  are  folly  pronounced,  Lm,  Cm,  Rs  and  Ro  tend  to 
constants,  and  Rc0„  increases  as  the  square  root  of  frequency.  To  estimate  the  values  of 
circuit  parameters  above  1  GHz,  experimental  results  have  to  be  used.  Measurements  of 
microwave  properties  have  been  reported  for  EAMs  and  EOMs  fabricated  on  InP 
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substrates  with  planar-microstrip  p-i-n  structures.  At  high  frequencies,  Eq.  (3)  and  (4)  can 
be  significantly  simplified.  So  that  the  measured  high  frequency  Zm  and  can  be  used  to 
estimate  Lm  and  Cm  and  Rc0n  for  their  respective  structures.  These  values  in  turn  can  be 
used  to  estimate  the  circuit  parameters  for  a  standard  InGaAsP/InP  EAM  with  the 
waveguide  width  w~3  pm  and  the  intrinsic  layer  thickness  di~0.3  pm.  Taking  Rc0nccw'1 
and  Cm  ocw/di,  it  can  be  inferred  that  Cm~1.2  pF/mm  and  Rc0n~6  Qmm''GHz'1/2  for  the 
standard  EAM.  However,  Lm  may  depend  on  various  electrode  and  waveguide  layer 
parameters.  For  the  standard  EAM,  Lm  can  vary  significantly  but  will  fall  into  the  wide 
inductance  range  of  0.1  to  1  nH/mm. 

For  the  standard  EAM,  Rs~l  Qmm  is  a  reasonable  value.  Ro  is  optical  power 
dependent.  At  low  optical  power,  Ro  is  simply  an  open  circuit;  at  high  optical  power,  Ro 
becomes  smaller  in  value  so  that  it  can  no  longer  be  considered  an  open  circuit.  For 
example,  at  5  dBm  input  optical  power,  dlo/dVj  can  be  ~0.45  mA/V  for  a  180  pm  long 
waveguide  implying  an  Ro  of  400  Qmm.  At  higher  optical  power  and/or  with  a  more 
efficient  modulator,  Ro  could  be  smaller  than  20  Qmm. 

Consequently,  frequency  dependent  microwave  properties  for  the  standard  EAM 
waveguide  can  be  obtained  by  substituting  Lm,  Cm,  Rc0n,  Rs  and  Ro  into  Eqs.  (3)  and  (4). 
Due  to  the  microwave  voltage  drop  across  Rs,  the  normalized  link  gain  has  to  be 
modified  as: 

R 2 

- — -  (5) 

Ro  "*"(!'*■  j®^mRo)Rs| 

with  Gnorm  given  by  Eq.  (1). 

Optimal  Modulator  Length  for  maximum  RF  link  gain:  It  is  often  desirable  to  lengthen 
the  modulator  as  much  as  possible  to  increase  the  modulation  efficiency.  However,  there 
is  an  up  limit  due  to  the  optical  propagation  loss.  Consider  a  TW-EAM  with  perfect 
velocity  matching  and  perfect  impedance  matching  and  no  microwave  loss.  In  this  case, 
the  modulation  voltage  Vac(x)  for  a  particular  optical  wave  packet  is  constant  (Vo)  along 
the  whole  waveguide.  The  modulated  optical  power  can  be  expressed  as: 


R^NORM  —  ^NORM  ' 
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(6) 


lac  =  -^nC2  exp(-a0L  -  yabL)y-^V0L . 

where  Ijn  is  the  input  optical  power,  C  is  the  optical  loss  factor  at  each  modulator  facet,  a0 
is  the  optical  propagation  loss  coefficient  inside  the  modulator  at  zero  bias  voltage,  y  is 
the  optical  confinement  factor  in  the  modulator  absorption  layer,  ab  is  the  absorption 
change  due  to  the  modulator  DC  bias  Vb. 

With  larger  L,  the  optimal  DC  bias  voltage  Vb  becomes  smaller  allowing  ab  to  be 
smaller.  For  EAMs,  the  optimal  bias  point  Vb  usually  results  in  a  normalized  transmission 
(T  =  exp(-yahL))  value  of  0.5  ~  0.7.  This  implies  that  the  term  exp(-yabL)  in  Eq.  (6)  has 
little  dependence  on  L.  The  dependence  of  daV dV b  on  L  is  difficult  to  model 
analytically.  Usually,  dat>/dVb  is  smaller  for  smaller  Vb  as  L  increases.  In  Eq.  (6),  the 
most  important  terms  are  L  and  exp(-a0L).  For  a  typical  EAM  with  a  3  ~  4  pm 
waveguide  width  and  a  0.3  ~  0.4  pm  thick  undoped  absorption  layer,  the  optical 
propagation  loss  ranges  from  15  dB/mm  to  20  dB/mm  [1,5].  Most  of  the  propagation 
loss  comes  from  the  residual  absorption  at  zero  bias. 

To  determine  the  optimal  modulator  length  L  for  maximum  RF  link  gain,  first 
consider  the  L  for  maximizing  L-exp(-a0L)  in  Eq.  (6).  It  can  be  calculated  that  for  15 
HR/mm  optical  propagation  loss  the  optimal  L  is  ~0.3  mm,  while  for  20  dB/mm 
propagation  loss  the  optimal  L  is  ~0.22  mm.  Owing  to  the  fact  that  dat/dVb  is  smaller 
for  longer  L,  it  will  take  an  optimal  length  smaller  than  the  above  values  to  maximize  the 
RF  link  gain.  In  Ref.  [6],  the  optimal  modulator  length  was  measured  to  be  0.17  mm.  A 
longer  modulator  length  will  not  improve  either  the  RF  gain  or  the  bandwidth. 

TW-EAM  Approaches:  For  a  typical  EAM  waveguide,  all  microwave  properties  are 
frequency  dependent,  microwave  attenuation  is  pretty  large,  waveguide  impedance  is  far 
from  50  Q  and  has  an  imaginary  part,  and  the  microwave  phase  index  ranges  from  10  to 
6.  There  are  currently  no  published  reports  regarding  the  optical  group  index  in 
InP/InGaAsP  waveguides.  However,  the  optical  group  index  in  a  GaAs/AlGaAs 
waveguide  has  been  measured  to  be  ~3. 73,  which  is  larger  than  the  optical  phase  index  of 
3.38.  For  a  typical  InP/InGaAsP  waveguide,  whose  optical  phase  index  is  3.2~3.3,  an 
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optical  group  index  of  3.5  is  assumed.  This  implies  a  large  velocity  mismatch  for 
standard  1.3  or  1.55  pm  EAMs.  Consequently,  it  may  be  difficult  to  achieve  a  large 
bandwidth  for  a  TW-EAM  with  a  conventional  EAM  waveguide  with  a  typical  electrode 
design. 

A  simple  way  to  achieve  a  large  TW-EAM  bandwidth  is  to  use  standard  EAM 
waveguide  matching  with  a  low  impedance  terminator.  This  is  similar  to  using  a  small 
shunt  resistance  in  a  lumped  element  EAM  to  broaden  the  bandwidth.  For  the  standard 
EAM  waveguide,  it  has  been  shown  that  Lm=0.1  to  1  nH/mm,  Cm=1.2  pF/mm,  Rc0n=6 
Qmm'’GHz'1/2,  Rs=l  Qmm,  Ro=106  Qmm,  L=0.2  mm  and  Rs=50  Q.  The  calculated 
modulator  frequency  responses  are  shown  in  Figure  2(a).  It  is  found  that  with  Zl=50 
Q  for  TW-EAM  and  RSh=50  Q  for  lumped  element  device,  their  frequency  responses  are 
very  close.  They  both  have  approximately  22  GHz  bandwidth.  However,  when  RSh  and 
Zl  are  reduced  to  20  Q,  the  TW-EAM  has  significantly  better  performance  than  the 
lumped  element  EAM.  In  this  case,  the  TW-EAM  has  a  bandwidth  of  about  50  GHz, 
whereas  the  lumped  element  EAM  has  only  33  GHz  bandwidth. 

With  intrinsic  absorption  layer  thickness  is  increased  to  0.5  pm,  Cm  will  decrease 
to  ~0.72  pF/mm.  In  this  case  with  Zl=22  Q,  the  TW-EAM  bandwidth  will  be  extended 
to  more  than  90  GHz,  whereas  the  lumped  element  EAM  with  the  same  structure  only  has 
50  GHz  bandwidth  with  Rsh=22  Q  .  This  is  shown  in  Figure  2(b). 


(a) 


(b) 


Fig.  2.  Comparisons  between  TW-EAM  (solid  lines)  and  lumped  element  EAM 
(symbol  lines)  with  low  impedance  termination. 
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The  effect  of  waveguide  inductance  on  TW-EAM  bandwidth  is  investigated  in 
Figure  3(a).  When  ZL>50  Q,  the  waveguide  inductance  has  little  impact  on  TW-EAM 
bandwidth.  However,  When  ZL=20  Q,  in  the  Lm  range  of  0.1  nH/mm  to  1  nH/mm,  larger 
Lm  will  yield  larger  bandwidth.  Figure  3(b)  shows  that  when  high  optical  power  causes 
Ro  to  drop  to  20  Qmm,  the  TW-EAM  low  frequency  gain  drops  1.5  dB,  but  the 
bandwidth  increases  from  50  GHz  to  above  60  GHz.  This  is  because  at  lower  frequency, 
l/coCm  is  large  compared  with  Ro,  so  that  the  AC  photocurrent  through  Ro  is  larger 
causing  larger  microwave  loss.  This  flattens  the  TW-EAM  frequency  response  and 
increases  the  bandwidth.  Even  though  Ro  is  not  constant  throughout  the  waveguide  due 
to  the  fact  that  the  absorbed  optical  power  decays  exponentially  along  the  waveguide,  it 
can  be  expected  that  the  TW-EAM  bandwidth  will  not  be  reduced  by  the  large 
photocurrent. 


Inductance  (nH/mm)  Microwave  Frequency  (GHz) 

(a)  (b) 

Fig.  3.  Effects  of  (a)  waveguide  inductance,  (b)  high  optical  power  on  TW-EAM 
performance . 

The  TW-EAM  frequency  responses  using  various  terminators  have  also  been 
investigated.  It  shows  that  with  a  smaller  impedance  terminator,  the  TW-EAM 
bandwidth  will  be  increased,  whereas  the  low  frequency  RF  gain  will  be  sacrificed.  The 
overall  gain  and  bandwidth  product  is  smaller  with  lower  impedance  terminator. 
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B.  Harmonic  Signals  from  Electroabsorption  Modulators  for  Bias  Control 

As  noted  in  the  first  year  program,  the  optimum  bias  of  an  electroabsorption 
waveguide  modulator  needs  to  be  adjusted  during  operation,  as  the  modulator  transfer 
characteristics  can  change  in  response  to  changes  in  ambient  temperature,  polarization 
and  optical  power  levels.  To  simplify  the  optical  configuration  for  EAM  bias  control,  we 
demonstrated  in  the  first  year  program  a  self-bias  control  approach  based  upon  the 
correlation  between  the  RF  link  gain  and  the  modulator  DC  photocurrent.  In  the  option 
year  program,  we  propose  and  demonstrate  an  alternative  self-bias  approach  based  upon 
the  correlation  between  the  RF  link  gain  and  the  second  harmonic  signal  reflected  from 
the  EAM.  From  the  measured  RF  link  gain  and  the  EAM  harmonic  signal  as  a  function  of 
modulator  bias,  we  show  that  the  second  harmonic  exhibited  a  dip  at  a  bias  close  to  that 
for  maximum  RF  link  gain,  as  the  optical  power  was  varied  from  8  to  14  dBm.  These 
measurement  results  can  be  explained  using  an  equivalent  circuit  model  for  the  EAM,  an 
extended  circuit  model  in  described  in  Section  C.  The  observed  correlation  between  the 
RF  link  gain  and  the  second  harmonic  signal  is  mainly  caused  by  the  inherent 
electroabsorption  effect  in  the  modulator. 

Experiment:  A  fiber-packaged  InGaAsP/InP  Franz-Keldysh  effect  waveguide  modulator 
is  used  in  this  work.  The  waveguide  is  2.5  pm  wide  at  the  top  and  is  300  pm  long.  It  has  a 
0.3  pm  thick  intrinsic  InGaAsP  (A.g  =  1.24  pm)  electroabsorption  layer.  To  facilitate 
coupling  to  lensed  fibers,  a  large  optical  cavity  is  incorporated  in  the  waveguide.  At  1 .32 
pm  wavelength,  the  packaged  device  has  a  fiber-to-fiber  optical  insertion  loss  of  10.7  dB 
at  zero  bias. 

Figure  4  depicts  the  measurement  set-up,  with  arrows  indicating  the  direction  of 
signal  flow.  Two  RF  spectrum  analyzers  are  used  to  simultaneously  measure  and  display 
the  EAM  second  harmonic  signal,  Pmod2,  and  the  photodetector  fundamental  signal,  P<jeti- 
The  RF  source  is  set  at  1  GHz  and  -20  dBm. 
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Circulator 


Fig.  4.  Schematic  diagram  of  measurement  set-up.  Two  spectrum  analyzers  are  used  for 
measuring  the  EAM  second  order  harmonic  signals  and  the  detector  fundamental  signals, 
respectively 

With  the  EAM  biased  at  -  3.2  V,  Pdeti  is  measured  as  a  function  of  optical  input 
power  Pc,*.  For  small  Popt,  Pdeti  versus  Pop,  curve  is  a  straight  line  in  the  logarithmic  scale, 
with  a  slope  of  2  dB/dB.  When  Popt  is  increased  to  14  dBm,  Pdeti  is  compressed  by  1  dB 
from  the  line.  Next,  Pde,i  and  Pmod2  are  measured  as  a  function  of  modulator  bias  Vm,  with 
Popt  ranged  from  0  to  14  dBm.  Figures  5  show  the  measured  Pdeti  and  Pmod2  versus  Vm 
curves  at  different  Popt’s.  Within  the  measured  Popt  range,  Pdeti  always  peaks  at  a  certain 
voltage,  denoted  as  Vr^*  When  Popt  is  large  enough,  Pmod2  exhibits  a  dip  at  a  voltage 
denoted  as  Table  1  lists  the  Popt  and  corresponding  measured  VRF-max  and  Vm2- 

min.  Within  the  Pop,  range  of  8  to  14  dBm,  VRF-max  and  Vm2-min  are  very  close  to  each 
other,  with  Vm2-min  always  slightly  larger  than  VRF-max*  This  indicates  that  VRF-max  can  be 
tracked  by  checking  Vm2-min  in  this  optical  power  range. 


Table  1:  Measured  Vrf.^  and  Vm2.mm  at  different  Popl’s.  The  RF  source  frequency  is  1  GHz. 
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Fig.  5.  (a)-(d).  Detector  fundamental  signals  Pdeii  (solid)  and  modulator  second  harmonic 
signals  Pmod2  (open  circle)  as  functions  of  modulator  bias,  at  different  Popt ’s.  In  each 
plot,  the  left  y-axis  is  Pdeti,  the  right  y-axis  is  Pmod2 ■  The  RF  loss  between  the  source 
and  the  EAM  is  approximately  6  dB.  The  RF  source  frequency  is  1  GHz. 


The  above  measurements  are  done  at  1.32  pm  wavelength  with  TE  polarized 
light.  Our  measurements  indicate  that  this  bias  tracking  characteristic  remains  in  place  as 
the  laser  wavelength  or  the  polarization  is  changed.  Similar  measurements  have  been 
done  for  another  packaged  EAM  device,  with  TM  polarized  light  and  750  MHz 
frequency  RF  source.  The  same  bias-tracking  characteristics  have  been  observed. 


Analysis:  The  harmonic  behavior  of  the  EAM  can  be  understood  using  circuit  analysis.  A 
simplified  circuit  depicting  the  connection  to  the  EAM  in  the  measurement  set-up  is 
shown  in  Fig.  6.  The  device  parasitic  effects  are  typically  quite  small  and  can  be  ignored 
at  RF  frequencies  below  1  GHz. 
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Fig.  6.  Equivalent  circuit  of  the  EAM  transmitter.  I0  denotes  the  voltage  dependent  photocurrent. 
Zs  represents  either  the  source  internal  impedance  for  forward-going  microwave,  or  the 
spectrum  analyzer  load  impedance  for  the  backward-going  microwave. 

The  voltage  source  Vs  includes  both  RF  source  and  DC  voltage  source.  Zs 
represents  (1)  the  internal  impedance  of  DC  voltage  source,  (2)  the  internal  impedance  of 
RF  source  for  forward-going  microwave,  (3)  the  sink  impedance  of  isolator  for 
backward-going  fundamental  signal,  (4)  the  load  impedance  of  spectrum  analyzer  for  the 
backward-going  second  harmonic  signal.  The  dashed  region  represents  the  lumped- 
element  equivalent  circuit  of  the  EAM.  In  this  model,  Io  is  the  voltage  dependent 
photocurrent  governed  by  the  electroabsorption  effect;  Rs  is  the  series  resistance  from 
ohmic  contacts  and  doped  semiconductor  layers;  Cj  and  Rj  are  junction  capacitance  and 
resistance  respectively,  at  junction  voltage  Vj.  The  EAM  voltage  and  current  are  Vm  and 
IM  respectively. 

The  second  harmonic  signal  at  Zs  can  be  obtained  by  applying  the  harmonic 
balance  method  to  the  circuit.  Im>  Vj,  Vm  and  Vs  include  both  DC  (Imo>  Vjo,  Vmo>  and 
Vso  respectively)  and  AC  components.  For  instance  Im  can  be  expressed  up  to  the  second 
harmonic  as: 

Im  =  Imo  +  imi  e1®*  +  im2ei2o)t  (7) 

and  likewise  for  Vj,  Vm  and  Vs.  Note  that  Vs2~0  at  the  source.  The  circuit  elements  are 

related  by: 


(8) 

Vm=ImRs  +  Vj 

(9) 

Vs  =  Vm  +  ImZs 

(10) 
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Since  Cj  and  Io  depend  on  Vj,  they  can  be  approximated,  using  Taylor’s  expansion,  as: 

Io  =  loo  +Io  V"*  +  ( l'o  Vj2  + 1*  vjl2)ei2<ot  (11) 

Cj=  Cj0  +c;vjlej“t  +  (c;  vj2  +C]  vjI2)ei2“t  (12) 

where  primes  denote  derivatives  of  the  DC  component  w.r.t.  Vjo;  Vjk  is  the  kth  harmonic  of 
Vj.  Balancing  the  DC  parts  in  Eqs.  (8)  and  (9),  one  gets: 
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(13) 


As  we  previously  pointed  out,  when  the  optical  power  is  below  the  saturation 
level,  VRF-max  is  the  bias  for  both  maximum  RF  gain  and  maximum  I'0  =dIoo/dVjo.  If  the 

(dlMo/dVMo)Rs  term  on  the  right  side  of  Eq.  (13)  is  «  l,dIMo/dVMo  will  also  be 
maximized  around  the  same  bias.  For  a  typical  EAM,  dlMo/dVMo  is  less  than  10  mA/V, 
Rs  is  usually  less  than  10  Q,  so  that  (dlMo/dVMo)Rs<<:  1.  This  explains  why  the  approach 
in  Ref.  [5]  can  work  well  for  tracking  the  EAM  bias. 

By  balancing  the  AC  components  of  the  same  order  in  Eqs.  (8)  to  (10),  the 
fundamental  signal  voltage  at  the  junction  is: 
vcl 


vji=- 


(14) 


A(RS  +ZS)  +  1 

where  A  equals  I'0+  jo>(Cjo  +CjVjo)  +  1/Rj;  and  the  second  harmonic  voltage  of  the 


modulator  is. 


Vm2=- 


B^Zg 


B,(RS  +  ZS)  +  1 


(15) 


where  Bi  equals  I'0+ j2co(Cjo +Cj  VJ0)  +  1/Rj,  B2  equals  1”0+  j2o(CJ+Cj  VJ0).  From 


Eqs.  (14)  and  (15)  we  see  that  the  second  harmonic  voltage  Vm2  is  proportional  to  the 
square  of  the  fundamental  signal  voltage  vsi  of  the  RF  source.  This  has  been  observed  in 
our  measurements  when  the  RF  source  power  was  changed  from  -20  dBm  to  -15  dBm. 

When  the  optical  power  is  below  the  saturation  value,  both  1^  and  Iq  increase 
with  optical  power  with  little  dependence  on  RF  frequency.  After  the  EAM  intrinsic 
region  is  fully  depleted,  CJ0  varies  very  little  with  Vj0,  and  thus  Cj  and  C'  are  very  small. 
Consequently,  with  relatively  high  optical  power  and  low  RF  frequency,  the  variations  of 
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A,  Bi  and  B2  with  VMo  are  mainly  due  to  the  variations  of  I'0  and  Iq  .  At  DC  bias  VRF- 
max,  lo  *s  a*  maximum  and  Iq  =0,  therefore  A  and  Bi  are  also  close  to  their  respective 

maximum  and  IB2I  is  close  to  its  minimum.  Inserting  these  results  in  Eqs.  (14)  and  (15), 
it  can  be  derived  that  v^  reaches  a  minimum  at  bias  close  to  VRF-max-  The  above  analysis 
also  implies  that  with  a  lower  pilot  tone  frequency,  Vnu-min  *  VRF-max  begins  at  a  lower 
Popt.  For  example,  with  a  1  MHz  pilot  tone  frequency,  the  optical  power  range  for  bias 
tracking  of  V  RF-max  by  V  m2 -min  can  be  extended  to  below  0  dBm. 

For  the  case  of  no  optical  power,  or  for  the  case  of  low  optical  power  and  high  RF 
frequency,  the  generation  of  the  second  harmonic  at  the  EAM  is  mainly  due  to  the 
variation  of  junction  capacitance.  The  variation  of  Cj  with  Vj  is  smaller  at  higher  EAM 
DC  bias,  so  that  in  this  case  the  EAM  second  harmonic  decreases  monotonically  with 
bias.  This  effect  of  Cj  to  second  harmonic  also  makes  Vm2-min  slightly  larger  than  VRF-max 
in  cases  of  high  optical  powers  and  low  RF  frequency. 

The  above  modeling  provides  an  intuitive  understanding  for  the  EAM  harmonics, 
and  it  predicts  the  same  trends  as  is  obtained  by  measurement.  To  implement  the 
proposed  self-bias  control  scheme,  the  dithering  RF  signal  (~1  MHz)  and  its  harmonics 
can  be  applied  and  checked  through  the  DC  port  of  the  broadband  EAM  bias-T.  For  this 
implementation,  a  bias-T  with  a  DC  to  AC  crossover  frequency  well  above  the  dithering 
frequency  must  be  employed.  In  this  way,  the  EAM  modulation  bandwidth  will  not  be 
affected  by  the  required  bandpass  filters  and  the  octave-band  circulator. 

In  short,  we  have  shown  that  over  an  optical  power  range,  the  second  harmonic 
signal  of  the  EAM  exhibits  a  dip  close  to  the  bias  point  for  maximum  RF  link  gain. 
Using  an  equivalent  circuit  analysis  we  conclude  this  is  due  to  the  inherent 
electroabsorption  effect  in  the  modulator.  The  above  phenomenon  can  be  exploited  for 
dynamic  self-bias  control  for  electroabsorption  modulators  for  analog  fiber-optic  link 
applications.  As  VRF-max  drifts  due  to  changes  in  operating  conditions,  it  can  be  tracked 
by  determining  the  bias  voltage,  V„i2-min>  where  the  second  harmonic  shows  a  dip.  The 
analysis  also  suggests  that  a  lower  pilot  tone  frequency  can  extend  the  optical  power 
range  for  bias  tracking. 
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C.  A  Concise  RF  Equivalent  Circuit  Model  for  Electroabsorption  Modulators 

A  RF  equivalent  circuit  model  of  EAMs  based  upon  parameters  that  carry 
physical  meaning  and  can  be  accurately  measured  can  facilitate  the  design  of  EAM  driver 
and  the  related  RF  link  performance  [8].  Since  EAMs  are  inherently  optoelectronic 
devices,  its  equivalent  circuit  model  should  also  incorporate  the  optical  effect.  A  small- 
signal  equivalent  circuit  model  for  MQW  EAMs  has  been  proposed  previously  [9]. 
However,  in  the  prior  model,  some  empirical  parameters  are  included  which  are  not 
typical  for  other  devices.  The  model  treats  the  EAM  as  a  photodetector  (PD)  that  receives 
the  modulated  optical  signal.  Furthermore,  this  prior  model  has  not  been  used  in 
estimating  the  EAM  frequency  response.  In  this  work,  we  present  a  new  circuit  model 
that  removes  these  shortcomings  and  clarifies  the  effect  of  the  optical  power  to  the  E/O 
response  and  device  impedance. 


Fig.  7.  RF  equivalent  circuit  model  for  a  lumped  EAM. 

Model:  The  EAM  photocurrent  is  the  key  issue  in  the  present  equivalent  circuit  model. 
Unlike  the  photocurrent  in  a  PD,  photocurrent  in  an  EAM  is  represented  as  a  current  path, 
rather  than  as  a  current  source.  The  impedance  of  this  current  path  can  be  modeled  by  a 
resistance  RoKdlo/dVj)'1,  where  I0  is  EAM  DC  photocurrent  and  Vj  is  the  junction  DC 
voltage.  The  resulting  equivalent  RF  circuit  model  for  the  EAM  is  depicted  in  Fig.  7, 
where  Q>  is  the  junction  capacitance;  Rs  is  the  device  series  resistance,  including  the 
ohmic  contact  resistance  at  the  electrodes  and  the  bulk  resistance  in  the  doped 
semiconductor  layers.  Parasitic  capacitance  (typically  ~fF)  and  junction  leakage 
resistance  (usually  ~MQ)  are  ignored  in  this  model.  Parasitic  inductance  can  be  included 
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for  packaged  devices.  The  modulator  E/O  frequency  response  is  determined  from  the 
ratio  of  AC  voltage  across  Cj  to  the  input  AC  voltage  to  the  modulator. 

Measurements:  The  measured  EAM  consists  of  8  InAsP/GalnP  QWs  (8.9  nm 
compressively  strained  InAsP  well  and  7.4  nm  tensile-strained  GalnP  barrier)  absorption 
region  grown  on  InP  substrate.  Doped  InGaAsP  waveguiding  layers  are  added  to  improve 
the  optical  coupling  efficiency  to  lensed  fibers.  The  waveguide  is  200  pm  long  and  3  pm 
wide.  With  TE  polarized  1.32  pm  wavelength  light,  an  optical  insertion  loss  at  9  dB  is 
obtained  at  zero  bias  voltage;  a  maximum  slope  efficiency  of  1.2  V'1  is  measured  at  -  0.7 
V  bias.  A  Lightwave  Component  Analyzer  (HP8703A)  is  used  to  measure  the  Sn  and 
the  modulator  E/O  response  simultaneously.  To  investigate  the  optical  power  effect, 
measurements  are  performed  at  both  0  dBm  and  10  dBm  optical  power. 


Fig.  8.  Measured  (symbols)  and  calculated  (solid  lines)  Su  data  for  the  MQW  EAM  at 
different  optical  powers. 

Fig.  8  plots  the  measured  Sn  magnitude  and  phase  values  of  the  EAM  (as 
symbols)  at  -0.7  V  bias.  Solid  curves  are  the  interpolated  Sn  magnitudes  and  phases, 
using  circuit  parameters  (listed  in  Table  1)  extracted  from  measured  Sn  values.  The 
calculated  Sn  phase  curves  almost  coincide  with  the  measured  Sn  phase  curves.  When 
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the  input  optical  power  changes  from  0  to  10  dBm,  the  Sn  phase  changes  slightly,  while 
the  magnitude  changes  significantly,  especially  at  low  frequencies.  This  is  explained  by 
the  large  reduction  of  the  photocurrent  resistance  Ro,  as  shown  in  Table  1.  At  larger 
optical  power,  the  photocurrent  increases  even  faster  with  the  junction  voltage,  resulting 
in  a  much  smaller  Ro.  It  is  noted  that  the  series  resistance  Rs  and  junction  capacitance  Cj 
change  slightly  with  optical  power,  causing  small  modification  to  Sn. 

Since  the  EAM  photocurrent  is  related  to  the  carrier  transport  process  inside  the 
intrinsic  region  of  the  diode,  we  anticipate  the  carrier  escape  time  may  affect  the 
equivalent  circuit  model  [10].  However,  the  carrier  escape  time  can  hardly  affect  low 
frequency  signal;  while  at  high  frequencies,  the  capacitor  Cj  has  a  relatively  smaller 
impedance  and  dominates  the  frequency  response.  Ref.  2  suggested  incorporating  the 
carrier  escape  time  effect  with  an  inductive  element.  In  our  equivalent  circuit  analysis,  we 
find  that  such  an  inductor  is  very  small  in  value  and  thus  causes  a  negligible  effect  to  the 
calculated  results.  Further  investigation  will  be  needed  to  fully  understand  the  effect  of 
carrier  escape  time  on  the  EAM  equivalent  circuit  model. 


Fig.  9.  Measured  (symbols)  and  calculated  (solid  lines)  E/O  responses  for  the  MQW 
EAM  at  different  optical  powers. 
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The  measured  modulator  E/O  responses  at  the  two  optical  powers  are  plotted  as 
symbols  in  Figure  9.  Using  parameters  from  Table  2  we  obtain  the  calculated  E/O 
response  (solid)  curves  shown  in  the  same  figure.  A  good  agreement  between  the 
measured  data  and  the  calculated  curves  is  observed.  According  to  our  model,  the 
modulation  bandwidth  increases  by  ~  0.6  GHz  when  the  optical  power  increases  from  0 
to  10  dBm.  This  again  is  mainly  attributed  to  the  large  reduction  of  Ro,  which  reduces  the 
effective  RC  time  constant.  The  low  frequency  RF  gain  due  to  the  modulator  E/O 
conversion  increases  from  —37.7  to  —20.8  dB  as  the  optical  power  is  increased  from  0  to 
10  dBm  This  represents  a  3.1  dB  RF  gain  compression  at  10  dBm  optical  power,  ~2  dB 
of  which  is  contributed  from  the  reduction  of  Ro,  while  the  remaining  1  dB  is  attributed  to 
the  carrier  screening  effect. 

Table  2:  Extracted  circuit  parameters  for  the  MQW  EAMat  different  optical  powers. 


Optical  Power 

R s(0) 

Cj  (PF) 

■£(!)■ 

0  dBm 

3.6 

■ 

1400 

10  dBm 

3.8 

180 

In  short,  in  this  program  we  have  developed  a  concise  RF  equivalent  circuit  model 
for  EM  modulatiors  using  only  three  physical  circuit  parameters.  This  model  has 
demonstrated  excellent  agreement  with  observed  E/O  response  and  is  consistent  with 
EAM  impedance  consideration. 


D.  Integrated  Electroabsorption  Waveguide  and  Mixer  for  Frequency  Conversion 

Frequency  converting  photonic  links  for  antenna  remoting  applications  is  a  good 
application  where  antenna  front-end  hardware  complexity  can  be  minimized  and  the 
deleterious  effects  of  fiber  dispersion  may  be  avoided  [11].  Many  of  the  conversion 
schemes  take  advantage  of  the  optical  local  oscillator  (LO),  which  is  less  complex  than 
the  electronic  LO  at  high  frequency,  and  has  shown  lower  phase  noise.  There  have  been 
several  proposals  to  achieve  low  conversion  loss  and  large  spur-free  dynamic  range 
(SFDR)  for  photonic  frequency  converting  links  [12-14].  One  approach  makes  use  of 
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Mach-Zehnder  modulators  at  very  high  optical  LO  power  (350  mW)  to  achieve  positive 
link  conversion  gain  (defined  as  the  ratio  of  the  output  converted  RF  power  to  the  input 
RF  power)  [14]. 

In  this  project,  a  new  RF  signal  conversion  approach  is  proposed  and 
demonstrated  using  an  electroabsorption  (EA)  waveguide  as  a  photodetector/mixer. 
Unlike  previous  approaches,  frequency  converted  electrical  RF  signals  from  the  EA 
waveguide,  operating  as  an  optoelectronic  mixer  (OEM),  are  generated  and  made 
available  for  subsequent  signal  processing.  This  converted  RF  signal  can  be  sent  through 
conventional  electrical  cable  that  has  low  attenuation  at  baseband/IF  frequency.  This 
avoids  using  high  LO  power  to  compensate  the  fiber  RF  link  loss.  We  have  demonstrated 
a  moderate  conversion  loss  and  high  SFDR  RF  signal  mixing  using  moderate  optical  LO 
power  and  a  simple  system  configuration. 


Fig.  10.  Transmission  (photocurrent  at  remote  detector)  and  absorption  (photocurrent  at 
modulator)  characteristics  of  the  MQW  EA  waveguide  used.  Optical  power  is  10  mW  at 
1.319  pm. 


When  optical  power  is  incident  on  EA  waveguides,  the  electroabsorption  process 
generates  an  electric- field-dependent  photocurrent,  Iph,  expressed  as 
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Iph(V,Popl)  =  7]m(V)Popl,  where  Popt  is  the  optical  power  and  rjm{V)  is  the  modulator’s 

detection  responsivity.  As  depicted  in  Fig.  10,  r\m  is  dependent  on  the  applied  bias 
(therefore,  the  electric  field),  and  is  independent  of  optical  power  provided  that  the  device 
is  operated  below  saturation. 

When  a  DC  optical  power,  Po,  and  modulated  optical  power,/?  at  colo,  are  incident 
on  an  EA  waveguide  driven  by  a  DC  bias  voltage,  V/>,  along  with  a  RF  signal  voltage,  v  at 
cos,  the  device  photocurrent  is  given  by: 

Iph  (V,  Popt  )  =  T]m(Vb+v  cos  t) -{p0+p  cos  coLOt)  (16) 

Using  a  small  signal  analysis  of  rjm  (Vb  +  vcos  cost) ,  the  up-and  down-converted  signals 
at  o)s  ±  (oLO  are  obtained  as: 

Iph  =  VP  cos(^  ±<yio)C  (1?) 

2  dV  n 

where  ^Hsl  is  the  first-order  derivative  evaluated  at  the  DC  bias  voltage.  The  higher 
dV  n 

order  derivatives  of  ijm  will  contribute  to  the  harmonic  and  intermodulation  distortions  of 
this  OEM.  Note  from  in  (17)  that  the  electro-absorption  is  crucial  in  generating 

dv\n 

mixed  signals.  This  distinguishes  the  EA  waveguides  in  the  detector  mode  [15]  from  the 
usual  pin  photodetector  that  is  biased  to  give  a  constant  responsivity  with  voltage. 

In  this  work,  we  compare  the  current  that  gives  the  mixed  signals  detected  by  the 
remote  detector,  when  the  EAM  is  used  as  a  modulator.  The  current  detected  by  the 
remote  detector  can  be  expressed  as  Itram  =  ijdPoptt where  r/d  is  the  responsivity  of 

the  remote  detector,  tg  is  the  transmission  factor  of  the  EAM,  and  T(V)  is  the  transfer 
function  of  the  EAM  normalized  to  the  incident  optical  power.  The  corresponding 
photocurrent  that  gives  the  mixing  of  <ns  and  »lo  is: 

IZs  JPcos(°>s  ± ®Lo)t  •  (18) 
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From  I™  with  I™m ,  the  RF  power  of  the  converted  signals  can  be  calculated, 

assuming  50-Q  load  resistor  dissipating  the  RF  power.  The  ratio  of  powers  of  the 
frequency  conversion  signals  in  these  two  cases  can  be  calculated  in  dB  as: 


Ratio  =  20Log 


f  jmix  ^ 
1  ph 
jmix 

\  *  tram  J 


(19) 


which  can  be  expressed  with  DC  transfer  curve  parameters  as  follows: 
Ratio  =  20  Logi 


(dIph!dV^ 


v  dIJdV 


(20) 


Here  IPh  and  Id  are  the  DC  photocurrent  detected  at  the  EAM  and  remote  detector, 
respectively,  and  the  derivatives  are  evaluated  at  the  operating  bias,  Vt. 

In  the  experiments,  an  anti-reflection  coated  strain-compensated  InAsP/GalnP 
multiple-quantum-well  (MQW)  EA  waveguide  that  utilizes  the  quantum-confined  Stark 
effect  (QCSE)  was  used  [16].  The  undoped  electroabsorption  layer  was  composed  of  8 
periods  of  8.9-nm  thick  compressively-strained  InAsP  wells  and  7.4-nm  thick  tensile- 
strained  GalnP  barriers,  sandwiched  by  InGaAsP  cladding  layers.  At  an  optical  power  of 
10  mW  (X  =  1.319  pm),  the  transmission  (as  detected  by  a  remote  detector  with  0.89- 
A/W  responsivity)  and  device  photocurrent  characteristics  vs.  DC  bias  of  this  EA 
waveguide  are  shown  in  Fig.  10.  The  normalized  slope  efficiency  is  -1.1  V'1  for  the 
transmission  curve.  The  fiber-to-fiber  insertion  loss  of  this  waveguide  as  a  modulator  was 
estimated  to  be  8.0  dB.  The  electrical  3-dB  bandwidth  of  this  device  was  separately 
measured  to  be  4.8  GHz  without  using  a  50-Q  matching  resistor.  The  length  of  this 
waveguide  device  was  185  pm. 

The  RF  frequency  mixing  experiment  was  set  up  as  shown  in  Fig.  11.  Two 
Nd:YAG  lasers  were  set  up  to  generate  a  beat  tone  at  900  MHz  with  100-%  modulation 
depth,  which  was  used  as  an  optical  LO  signal  to  the  EA  waveguide  OEM.  Electrical 
voltage  that  contained  the  DC  bias  as  well  as  the  RF  signal  at  cos  =  1.0  GHz  was  applied 
to  the  device.  The  DC  bias  used  was  -0.75  V,  which  corresponds  to  the  highest  slope 
efficiency  of  the  photocurrent  vs.  DC  bias  curve.  A  RF  circulator  (bandwidth  1~2  GHz) 
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was  inserted  between  the  device  under  test  and  the  RF  spectrum  analyzer  to  measure  the 
RF  power  generated  at  the  device. 


Fig.  11.  Experimental  set-up  for  the  mixing  experiment  using  the  EA  waveguide. 


Fig.  12  summarizes  the  measured  RF  signals  from  the  EA  waveguide  converter. 
The  optical  LO  power  incident  on  the  EA  waveguide  was  10  mW,  and  the  input  RF 
power  was  —20  dBm.  The  LO  was  observed  at  900  MHz,  and  the  signal  at  1 .0  GHz.  Up- 
converted  signal  power  detected  at  1.9  GHz  was  —38.9  dBm  after  calibration  of  the 
microwave  loss  due  to  the  cables.  In  Fig.  12,  other  RF  signals  are  also  evident,  e.g., 
second  harmonics  of  the  LO  at  1.8  GHz;  down-converted  signal  at  0.1  GHz;  third-order 
intermodulation  distortions  (IMD3)  of  the  LO  and  the  RF  signal  at  0.8  GHz,  etc.  The  up- 
and  down-converted  signals  appear  to  have  different  RF  power,  caused  by  the  bandwidth 
limitation  of  the  circulator.  When  the  RF  signal  power  was  increased  to  -10  dBm,  the 
converted  signal  powers  increased  by  10  dB.  They  closely  follow  the  behavior  predicted 
by  (2).  It  was  also  found  that  the  device  became  saturated  around  10-mW  LO  optical 
power.  Compared  with  the  measurement  at  low  optical  power  (1  mW),  the  RF  link  gain 
comprised  of  this  EA  waveguide  as  an  external  modulator  was  compressed  by  4  dB  at  10 
mW. 
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Fig.  12.  Measured  RF  spectrum  at  the  EA  waveguide. 


We  have  also  measured  the  RF  power  transmitted  through  the  fiber  and  detected 
by  the  remote  detector.  It  has  a  similar  RF  spectrum  as  Fig.  12,  but  due  to  the  link  loss, 
the  original  signal  power  at  cos  is  attenuated  (link  loss  =  21  dB).  Up-converted  signals  are 
now  measured  to  be  —48.8  dBm.  (After  microwave-loss  calibration,  the  power  becomes  - 
47.8  dBm.)  Up-  and  down-converted  signals  are  observed  to  have  the  same  power.  When 
we  measure  the  mixing  using  an  increased  signal  power  —10  dBm  from  —20  dBm,  the 
converted  signal  powers  increase  by  1 0  dB,  which  closely  follows  the  behavior  predicted 
by  Eq.18. 

Defining  the  conversion  loss  as  the  ratio  of  the  input  RF  signal  power  to  the 
output  converted  signal  power,  the  conversion  loss  for  the  case  when  the  EA  waveguide 
was  used  as  a  photodetector/mixer  is  found  to  be  18.9  dB.  The  conversion  loss  obtained 
above  is  mainly  limited  by  LO  optical  power  and  the  saturation  power  of  the  EA 
waveguide  used.  It  could  be  improved  by  using  an  EA  waveguide  with  higher  saturation. 
Increasing  the  LO  power  can  increase  the  converted  RF  power,  as  shown  in  Eq.  17. 
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Decreasing  the  coupling  loss  from  the  fiber  to  the  EA  waveguide  is  another  approach, 
which  also  increases  rjm.  When  this  EA  waveguide  was  used  as  a  modulator/mixer  and 
the  converted  signals  were  transmitted  through  the  optical  fiber  as  in  [12-14],  the 
conversion  loss  was  increased  to  27.8  dB.  The  increase  in  conversion  loss  (8.9  dB)  is 
mainly  due  to  the  fact  that  the  responsivity  of  the  remote  detector,  tjd  at  the  end  of  the 
fiber  link  combined  with  the  EA  waveguide  insertion  loss,  tjj,  was  much  smaller  than  that 
of  the  EA  waveguide,  tjm,  i.e.,  tffrjd  <  r\m . 


Input  RF  Power  (dBm) 


Fig.  13.  Two-tone  test  of  the  MQW  EA  photodetector/RF  mixer.  Converted  RF  signals 
(M:  for  highest  slope  point,  O:  for  third-order  null  point)  and  the  IMD3 ’s  ( 0:  for 
highest  slope  point,  O:  third-order  null  point)  are  shown.  Noise  floors  (dotted 
lines)  were  dominated  by  the  shot  noise  and  given  by  —160  dBm/Hz  and  —163 
dBm/Hz  for  the  highest  slope  point  and  the  third-order  null  point,  respectively. 


The  two-tone  SFDR  of  the  EA  waveguide  photodetector/RF  mixer  was  also 
measured,  as  shown  in  Fig.  13.  With  two  RF  tones  at  1.00  and  1.02  GHz  and  the  optical 
LO  tone  at  0.90  GHz,  the  converted  signals  and  the  their  IMDs’s  were  measured.  (Due  to 
the  bandwidth  limitation  of  the  circulator,  only  the  up-converted  signals  were  measured.) 
When  the  EA  waveguide  was  biased  at  the  highest  slope  point  of  the  device  photocurrent 
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vs.  DC  bias  curve  (second-order  null  point),  a  SFDR  of  102.4  dB-I  lz2i  was  obtained  at 
10-mW  optical  LO  power  for  the  up-converted  signal  at  1.90  GHz.  The  noise  floor  was 
dominated  by  the  shot  noise  due  to  the  device  photocurrent.  When  the  EA  waveguide  was 
biased  at  the  third-order  null  point  of  the  device  photocurrent  vs.  DC  bias  curve  (0.44  V), 
the  up-converted  RF  signal  power  was  reduced  by  ~3  dB,  but  the  suboctave  SFDR  was 
measured  at  120.0  dB-Hz4/5  with  the  fifth-order  dependence  on  the  input  RF  power.  At 
the  third-order  null  point,  the  IMD3  due  to  the  third-order  input  power  dependence 
becomes  null,  making  the  IMD3  depending  on  the  next  order,  which  is  the  fifth  order. 

A  bulk  InGaAsP-InP  EA  waveguide  that  uses  the  Franz-Keldysh  effect  was  also 
tested  for  RF  signal  conversion.  The  transmission  characteristic  of  the  Franz-Keldysh  EA 
device  is  shown  in  Fig.  14.  Larger  RF  conversion  loss  (29.2  dB)  was  measured  when  this 
EA  waveguide  was  used  as  a  photodetector/mixer  at  the  same  LO  optical  power  of  10 
mW,  than  those  obtained  with  MQW  waveguides.  This  result  is  mainly  due  to  the  smaller 
slope  efficiency  (0.18  V1)  of  the  bulk  EA  waveguide  and  demonstrates  the  importance  of 
the  slope  efficiency  of  the  EA  waveguide  when  it  is  utilized  as  a  photodetector/mixer. 


Fig.  14.  Transmission  (photocurrent  at  remote  detector)  and  absorption  (photocurrent  at 
modulator)  characteristics  of  the  Franz-Keldysh  EA  waveguide  for  an  optical 
power  of  1  mW  at  1.319  pm.  Fiber-to-fiber  insertion  loss  was  10. 7  dB. 
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In  short,  we  have  demonstrated  that  the  MQW  EA  waveguide  can  be  utilized  as 
an  OEM  that  combines  both  functions  of  a  electroabsorption  photodetector  and  an 
electronic  mixer.  It  has  been  pointed  out  that  the  slope  efficiency  of  the  EA  waveguide  is 
extremely  important  in  determining  conversion  gain.  Currently  18.9  dB  conversion  loss 
has  been  obtained  and  this  result  can  be  reduced  with  higher  optical  power.  This  scheme 
can  be  useful  in  antenna  applications  where  optical  LO  signal  distribution  is  used  for 
frequency  converting  microwave  signals. 
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